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Abstract
the selective degradation of many proteins in eukaryot-
ic cells is carried out by the ubiquitin system. In this
pathway, proteins are targeted for degradation by cova-
lent ligation to ubiquitin, a highly conserved protein [1].
Ubiquitylated proteins were degraded by the 26s protea-
some in an atP-depended manner. the degradation of
ubiquitylated proteins were controlled by isopeptidase
cleavage. a well characterised system of ubiquitylation
and deubiquitylation is the calmodulin system in  vitro
[2].  Detection  of  ubiquityl-calmodulin  conjugtates  in
vivo have not been shown so far. In this article we dis-
cuss the detection of ubiquitin calmodulin conjugates in
vivo by incubation with a novel high-molecular weight
ubiquitylprotein-isopeptidase in rabbit tissues. Proteins
with a molecular weight of ubiquityl-calmodulin conju-
gates could be detected in all organs tested. Incubation
with ubiquitylprotein-isopeptidase showed clearly a de-
crease of ubiquitin calmodulin conjugates in vivo with
an  origination  of  unbounded  ubiquitin.  these  results
suggest that only few ubiquitin calmodulin conjugates
exist in rabbit tissues. 
Key words: ubiquitin, ubiquitylprotein-isopeptidase, pro-
tein degradation, ubiquitin-conjugates, western-blot
Abbreviations:  a,  absorption,  optical  density,  bsa,
bovine  serum  albumin,  DtE,  dithioerythriol;  caM,
calmodulin, aPfII, DEaE fraction II; sDs-Page, sodi-
um  dodecyl  sulfate  polyacrylamide  electrophoresis,
tca, trichloracetic acid, w/v, weight in g per volume;
ucam, ubiquityl-calmodulin (has two meanings:a. gener-
al name for all conjugates of calmodulin with ubiquitin:
b. if specified designates the monoconjugate) ucam-syn
f1,  ucam  synthetase  protein  factor  1;  ucaM-syn  f2,
ucaM synthetase protein factor2.
Enzymes:
atP-dependent-26-s-protease (26s-proteasome, Ec
3.4.99. -)
atP-ubiquitin-dependent proteolytic pathway 
(ubiquitin protein ligase + 
atP-dependent-26-s-protease)
Multicatalytic endopeptidase complex (20s-proteasome,
Ec 3.4.99.46)
Ubiquitin-calmodulin ligase (ubiquityl-calmodulin 
synthetase, Ec 6.3.2.21.);
Ubiquitin-calmodulin hydrolase, (ubiquityl-calmodulin
isopeptidase, Ec 3.4.99.-);
Ubiquitin-protein ligase, (E1, E2, E3; Ec 6.3.2.19.);
Ubiquitin thiolesterase (ubiquitin carboxyl-terminal 
esterase, Ec 3.1.2.15).
IntRoDUctIon
two forms of ubiquitin function have been described:
(a) catabolic and (b) non-catabolic.
In the (a) catabolic pathway, protein ubiquitylation,
which involves the covalent binding of multiple ubiqui-
tin molecules with a specific atP-dependent ligase sys-
tem  on  substrates  following  atP-dependent  protein
breakdown via 26s proteasome.
Examples of the catabolic protein ubiquitylation are: 
Unassembled mutant type I collagen pro-alpha1 (I)
chains  [3],  a-casein  [4],  growth  hormone  receptor  [5]
p53 [6], cyclin [7], nuclear oncoprotein [8], MHc class I
heavy chains [9] and Rna-polymerase II [10].
the ubiquitin/proteasome system is a major pathway
of  selective  protein  degradation  in  eukaryotic  cells.
Ubiquitin-mediated  degradation  of  proteins  plays  im-
portant roles in the control of numerous processes, in-
cluding cell-cycle [7] cell division [11], stress response
[12], extracellular modulators like nfkb [13-15], mor-
phogenesis of neurons [16], modulation of cell recep-
tors [5], ion channels [17] and Dna-repair [18-19].
(b) non-catabolic protein ubiquitylation whitout ter-
minating in degradation by the 26s proteasome. Exam-
ples of the non-catabolic protein ubiquitylation are: 
calmodulin  [20],  platelet-derived-growth  factor
(PDgf)-b-rezeptor[21], t-cell-antigen-rezeptor [2], tu-
mor necrosis factor receptor [2], myosin light chain and
actin [2].
the pathway for the protein breakdown contains an
ubiquitin-protein-conjugating system, a protease and an
isopeptidase. the ubiquitin-conjugating system is made
of  three  different  enzymatic  components.  E1  is  the
ubiquitin activating enzyme, E2 is the ubiquitin-conju-
gating  enzyme  and  E3  is  the  ubiquitin-protein  ligase.
Ubiquitin is first of all adenylated by the conjugating
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3) Sixt#_Umbruchvorlage  15.10.10  18:57  Seite 428enzyme (E1) and then transferred to a thiol group for
covalent linkage. this is followed by a transesterfication
to the conjugating enzyme (E2) which can either trans-
fer ubiquitin directly to a target protein or together with
the ubiquitin-protein ligase (E3). 
a  well  characterised  system  for  ubiquitylation  and
deubiquitylation is the calmodulin system in vitro. Ubiq-
uitin-calmodulin ligase (ubiquityl-calmodulin synthetase,
ucaM-synthetase, Ec 6.3.2.21), covalently modifies ver-
tebrate  [20,  22-25],  plant,  fungus  [26]  and  yeast  [27]
calmodulins with ubiquitin according to the following
reaction (n = 1-5) [2]:
ca2›
calmodulin + n Ubiquitin + n atP  ﾿  (Ubiquitin)n-
calmodulin + n aMP + n PPi  (1)
of major biological relevance is the dependence of
this reaction on ﾵM ca2++ concentrations [23-24] mak-
ing calmodulin the first protein where ubiquitylation is
regulated  by  second  messenger.  UcaM-synthetase  has
been detected in most tissues of the rabbit [22] and also
in  the  simple  eukaryote,  yeast  (s.  cervisiae)  [27]  and
leads to a calmodulin molecule multiubiquitylated (up to
u3/4caM and u5caM) at a single lysine residue [25, 27].
UcaM-synthetase can be separated into two essentially
inactive  protein  components  [28]  which  have  recently
been purified [29-30]. the first one (ucaM-syn f1, 224
kDa) binds to ubiquitin-sepharose and is the ubiquitin
activating enzyme (E1). the second component (ucaM-
syn f2, 623 kDa) binds to calmodulin-sepharose and
bestows specificity to the reaction [29]. although the bi-
ological function of calmodulin ubiquitylation is not ex-
actly  known  it  has  been  suggested  that  this  covalent
modification  suppresses  the  biological  activity  of  cal  -
modulin in the activation of phosphorylase kinase [2].
In this connection the hypothesis emerged that ubiqui-
tylation  of  calmodulin  may  be  a  physiologically  re-
versible process similar to protein phosphorylation and
dephosphorylation [2, 26] possibly catalyzed by a highly
specific  ubiquitylprotein-isopeptidase  as  described  in
detail in this paper. andersen et al [31-32] first reported
the  splitting  of  an  n…-ubiquityl-protein  bound  in  a
natural ubiquitin conjugate. this isopeptidase was capa-
ble of splitting the protein a24 (histone 2a-ubiquitin
conjugate) into histone 2a and ubiquitin. Matsui et al.
[33] identified the reaction products in detailed analysis
as intact ubiquitin and histone 2a.
this  isopeptidase  was  shown  to  have  a  molecular
mass of 38 kDa and to be present in the cytoplasm of
most eukaryotes [33]. since no other natural ubiquitin
conjugates were available putative isopeptidase activity
in other work has been measured with more or less non-
specific  substrates  such  as  artificial  ubiquitin-protein
conjugates, amides or esters [34-37]. a first group of
enzymes  hydrolyzing  small  molecules  conjugated  to
ubiquitin  (e.g.  residual  peptides  attached  to  ubiquitin)
has  been  termed  “ubiquitin  carboxyl-terminal  esteras-
es/hydrolases” (Ec 3.1.2.15) and appear not to have the
ability to hydrolyze endogenous  12ﾩI-ubiquityl-protein
conjugates [37-38]. these hydrolases usually have mole-
cular masses in the range of 30 kDa [35, 37, 39-41]. a
typical enzyme of this group is the ubiquitin carboxyl-
terminal esterase l1 (UcH-l1) and ubiquitin carboxyl-
terminal  esterase  l3  (UcH-l3)  [40].  this  enzyme  is
found  in  nerve  cells  throughout  the  brain.  Ubiquitin
carboxyl-terminal  esterase  l1  is  probably  involved  in
the cell machinery that breaks down unwanted proteins.
although the exact function of ubiquitin carboxyl-ter-
minal esterase l1 is not fully understood, it appears to
have two enzyme activities. one activity, called hydro-
lase, removes and recycles ubiquitin molecules from de-
graded proteins. this recycling step is important to sus-
tain the degradation process. the other enzyme activity,
known as ligase, links together ubiquitin molecules for
use in tagging proteins for disposal.  an association be-
tween  M.  alzheimer  [42]  and  M.  Parkinson  [43],  but
also the Huntington [44] disease are discussed.  
a second group of isopeptidases (ubiquityl-protein
hydrolases) capable of splitting larger ubiquityl-protein
conjugates has been estimated to be in a molecular mass
range of 100-200 kDa [37]. a third type of isopeptidase
which cleaves free homooligomers and homopolymers
of  ubiquitin  i.e.  diubiquitin  and  multiubiquitin  chains
(ubiquityl-ubiquitin  hydrolase)  has  been  reported  as  a
monomer with a native molecular mass of 100 kDa [45]
an atP-dependent c-terminal hydrolase [46] and atP-
dependent isopeptidase [47-48] have also been reported
which may be associated with the 26s proteasome [46,
48]. Recently enzymes containing both c-terminal hy-
drolase and isopeptidase activities have been reported
[49-50]. at the moment the biological function of these
isopeptidases is unclear.
against  this  background  we  tested  the  hypothesis
that the incubation of rabbit muscle tissues with ubiqui-
tylprotein-isopeptidase  could  detect  ubiquityl-calmod-
ulin conjugates in vivo.
MatERIals
Ubiquitin, anti-sheep Igg Peroxidase conjugate Prod-
uct no. a-3415 was purchased from sigma (Munich).
nembutalﾮ was obtained from sanofi (Hannover). leu-
peptine, iodacetamide and dithioerytol (DtE) were ob-
tained from biomol (Hamburg). for chromatographic
application  fractogel  EMD-DEaE  650  (s)  and  tsK
Hw-65  (s)  Merck  (Darmstadt)  were  used.  Problott‚-
membrane (pit size of 0,025 ﾵm) was purchased from
applied  biosystems  (weiterstadt).  RPn  Ecl  western
blotting detection reagents and the hyperfilm were pur-
chased by amersham (braunschweig). the western-blot
equipment  was  obtained  from  sartorius  (g￶ttingen).
coomassie  brillant  blue  R-250  (=  serva  blue  R),
methanol and bsa were obtained from serva (Heidel-
berg). the molecular weight standards for sDs-PagE
bovine  serum  albumin  (bsa)  66  kDa,  ovalbumin  45
kDa,  glyceraldehyde  3-phosphate  dehydrogenase  36
kDa,  carbonic  anhydratase  29.2  kDa,  trypsinogen  25
kDa,  trypsin  inhibitor  20.1  kDa  and  lactalbumin  14.2
kDa were obtained from sigma (Munich).
the ubiquitin- antibody employed in this work was
set up and featured by gehrke and Jennissen [51]. the
affinity  purification  of  ubiquitin-antibody  was  carried
out by an unpublished method from g. botzet and H.P.
Jennissen on ubiquitin-sepharose. 
all chemicals were of the highest available or analyti-
cal grade. water was deionized, distilled and then passed
through a Milli-q-system (Millipore, witten) before use.
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PREPaRatIvE MEtHoDs
Reticulocytes
Reticulocyte-rich blood (ca. 85%) was generated in rab-
bits (3-4 kg) by the phenylhydrazine method [51-52]. In
this  procedure,  2.5%  (w/v)  phenylhydrazine  in  0.9%
nacl, pH 7.4, is injected s.c. into the back of rabbits.
on days 1-4 an amount of 0.13 ml/kg was injected. on
day 8 rabbits were given a lethal overdose of 250 mg
Evipan and bled for harvesting of reticulocyte by inci-
sion of the jugulars. coagulation was inhibited by addi-
tion of 1 M sodium citrate, pH 7.4, to a final concentra-
tion of 10 mM into polyethylene beakers coated with
silicone  spray.  all  further  work  was  performed  with
beakers and tubes siliconized in this way. the reticulo-
cytes were washed twice at 5ﾰc in a 10-fold volume of
buffer containing 10 mM potassium phosphate, 0.15 M
nacl, pH 7.4
Preparation of  reticulocytes without ATP depletion
to prevent reticulocytes from atP depletion the proce-
dure  of  red  blood  cell  preparation  described  by  lew
and garcia-sancho [53] was modified as follows. 
freshly drawn blood (anticoagulated by sodium cit-
rate, pH 7.4 at final concentration of 10 mM) was cen-
trifuged for 20 min. at 2200 g at room temperature and
the  pelleted  cells  were  resuspended  in  10  volumes  of
buffer supplemented with glucose and containing 145
mM nacl, 5 mM Kcl, 10mM naoH-neutralized HEP-
Es,  10mM  glucose,  0.15mM  Mgcl2,  0.1  mM  Egta,
(pH  7.4).  the  wash  was  repeated  three  times,  super-
natant, buffy coat and topmost cell layer were removed
after each centrifugation. an amount of 150 ml of re-
sulted cell pellet was incubated for 60 min. at 37 ﾺc in 2
volumes of the same buffer supplemented with 1 mM
ca2+ and centrifuged again under the same conditions.
Reticulocytes were then lysed with 2 volumes of lyses
buffer containing 10 mM iodacetamide, 20 mM Egta,
and pH 7.0. lysate was centrifuged at 100000 g for 90
min.  at  4  ﾺc  and  supernatant  was  used  for  further
preparations. 
Tissue extracts
Rabbits  were  given  a  lethal  dose  of  nembutalﾮ (see
above) and immediately exsanguinated by decapitation
and suspending from the hind legs. the excised tissues
are:  heart and  white  muscle  (Musculus  psoas  mi-
nor). the tissues were extensively washed with water to
remove residual blood. the excised tissue was cut into
small pieces and immediately frozen in liquid nitrogen.
the frozen tissue was then transferred to a -80ﾰc freez-
er and stored. for the described experiments the tissues
of five new Zealand rabbits (cHbbch) were pooled.
the preparation of tissue extracts is based on the previ-
ously  described  procedure  [51].  according  to  this
method 6 g of frozen (-80ﾰc) rabbit tissue was homoge-
nized  in  3  mM  K2HPo4/KH2Po4,  1  mM  DtE,  5
ﾵg/ml leupeptine, 15 mM iodacetamide, 5 mM EDta,
5 mM Egta, 5 x 10-5 M PMsf, pH 7.4 (buffer b) in a
b￼hler  homogenizer  (E.b￼hler,  bodelshausen  10  ml
vessel, diameter of the knife 1 cm) at full speed for 1
min at 4 ﾰc. this homogenate was centrifuged at 40 000
x g for 30 min in a beckmann l-7/80 ultracentrifuge.
the supernatant was given in a gauze filled measuring
cylinder.
cHRoMatogRaPHy
Cleaning of  the chromatography glass column with 
chromosulfuric acid
the  glass  column  (8.2cm  x  1.2cm  x  0.5cm  Merck,
Darmstadt) was heated for one hour in chromosulfuric
acid and then washed up with Millipore water as long as
no chromosulfuric acid was externally visible. the glass
column was finally treated in boiled Millipore water for
one hour.
Anion-exchange chromatography
lysate  (250  mg)  was  applied  (4ml/h)  by  a  peristaltic
pump (Perpex, guldner) to the column (8.2cm x 1.2cm
x 0.5cm Merck, Darmstadt) with 400 ﾵl packed fractogel
EMD-DEaE 650 (s). the fractogel cartridges were pro-
tected by a pre-column containing 250 ﾵl packed under-
ivatized  fractogel  tsK-Hw  65  (s).  the  column  was
eluted in a single step with 4 ml/h 500 mM Kcl, 20 mM
tris/Hcl, 5 ﾵg/ml leupeptine, 5 mM iodacetamide, pH
7.2. the elution pool was dialyzed on a rotating glass
frame for 4 h against 6 l of 20 mM tris/Hcl, 1 mM
DtE,  5  mM  iodacetamide,  pH  7.6.  the  eluate,  the
wash-fraction and the pass-through-fraction.
Ubiquitin-Sepharose
Ubiquitin was coupled to sepharose 4b by the divinyl-
sulfone method [51, 54]. sepharose was first activated
by  divinylsulfone  (=Dvs-sepharose)  as  described  in
[54]. Ubiquitin coupling solution was made by adding
540 mg ubiquitin to 45 ml 0.2 M naHco2, pH 9.5. this
solution  was  dialyzed  in  spectraPor  (cutoff  6-8  kDa)
dialysis bags against 0.2 M naHco2, pH 9.5 for 3 hours
with one buffer change after 1 hour. after dialysis the
solution  (45  ml)  had  a  protein  concentration  of  6.3
mg/ml. the 45 ml of this ubiquitin coupling solution
were added to 45 g “wet weight” [34] Dvs-sepharose
4b and incubated first for 6 hours at room temperature
and then for another 21 hours at 5 ﾰc. after this time
the gel was sucked dry on a small b￼chner funnel and
45 ml stopping buffer containing 0.2 M naHco3 with
40 mg/ml glycine pH 9.5 was added. this stopping mix-
ture  was  incubated  for  4  hours  at  room  temperature.
the  gel  was  then  extensively  washed  with  20  mM
tris/Hcl, pH 7.0 followed by washing at room temper-
ature with 5-10 vol. each of H2o, 1% sDs, H2o, bsa 
(5 mg/ml in H2o), H2o, 1 M nacl,H 2o,respectively.
It was then stored at 5 ﾰc in H2o with 0.02 % nan3.
the degree of substitution was measured by the deple-
tion procedure (decrease of free ubiquitin in the bulk)
employing the stainless steel grid method [55]. the cou-
pling efficiency was ca. 95 % (not shown). for regenera-
tion after several cycles of use ubiquitin-sepharose was
washed  at  room  temperature  with  5-10  vol.  each  of
H2o, 1 % sDs, H2o, bsa (5 mg/ml in H2o), H2o, 1 M
nacl, H2o respectively and then stored at 5 ﾰc in H2o
with 0.02 % nan2.
Ubiquitylprotein-isopeptidase
for  the  preparative  isolation  of  affinity-enriched
isopeptidase  activity  fractogel-aPf  II  was  applied  to
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cm i.D. x 2.8 cm gel height, flow rate 25 ml/h, fraction
vol. 2.5 ml) as described by [56]. the gel was equilibrat-
ed with 50 mM tris/Hcl, 5 mM atP, 10 mM Mgcl2,
pH  7.5  (buffer  g).  to  a  sample  of  fractogel-aPf  II
(175 mg) 5 mM atP, 10 mM Mgcl2 (final concentra-
tion) were added and the mixture was applied to the col-
umn and then washed with 3 volumes of buffer g. the
column was eluted with 5 volumes 50 mM tris/Hcl, 0,1
mM EDta, 10 mM DtE, pH 9.0 (buffer H). the elu-
ate  was  pooled,  concentrated  in  centricon  30  tubes
(amicon, witten) in a preparative beckmann centrifuge
(Rotor Ja 20, 4000 x g, 4-5 ﾰc) and simultaneously dia-
lyzed against 50 mM tris/Hcl, 0.5 mM DtE, 5 ﾵg/ml
leupeptine, pH 7.2 (buffer I)
Ubiquitin calmodulin conjugates
Reaction  mixtures  for  the  synthesis  of  preparative
amounts of ubiquityl-calmodulin conjugates contained
in a final volume of 10 ml: 50 mM tris/Hcl, 1 mM
DtE, 5 mM Mgcl2, 1 mM atP, 10 mM phosphocrea-
tine,  0.1  mM  cacl2,  0.1  mg/ml  creatine  kinase,  3.0
mg/ml  ubiquitin,  0.5  mg/ml  125I-bH-calmodulin  and
3.6 mg/ml. the reaction was stopped after 4 h at 37 ﾰc
by adding 30 ml of 20 mM sodium b-glycerophosphate,
1 mM cacl2, pH 7.0 (buffer H) and heating to 96 ﾰc for
10 min. subsequently the mixture was placed on ice for
5 min. Denatured proteins were spun down (20000 x g,
15 min, 4ﾰc) and the supernatant (39 ml, 1.9 mg/ml)
was applied at room temperature to a fluphenazine col-
umn (1.5 cm i.d. x 2.8 cm gel height; 5 ml packed gel)
equilibrated with buffer H (flow rate 33 ml/h, fraction
vol.). the column was washed with 10 ml buffer H fol-
lowed by 80 - 100 ml 20 mM sodium
b-glycerophosphate, 1 mM cacl2, 300 mM nacl, pH
7.0. In this way the unabsorbed ubiquitin was separated
from  the  adsorbed  conjugates  and  unconjugated  free
calmodulin.  the  ubiquityl-calmodulin  conjugates  and
free calmodulin were eluted from the column with 40-
50  ml  20  mM  sodium  b-glycerophosphate,  10  mM
Egta,  500  mM  nacl,  pH  7.0.  this  "Egta-eluate"
from  the  fP-sepharose  column  was  concentrated  by
tca precipitation (5 %), the resulting pellet was neu-
tralized with 1M sodium phosphate and resuspended in
2-4 ml 20 mM sodium phosphate, 1 M nacl, pH 7.0
(buffer J).
the  concentrated  Egta-eluate  from  the  fP-
sepharose (1.8 ml; 3.5 mg/ml) was directly applied to a
column of chelating sepharose fast flow (1.5 cm i.d. x
2.8 cm gel height, flow rate 14 ml/h, fraction vol. 5 ml)
charged with cu2+ [57] and equilibrated with buffer J
(“column procedure”). after application of the sample
the column was washed with 20 ml buffer J (elution of
free  calmodulin).  Elution  of  the  ubiquityl-calmodulin
conjugates was facilitated stepwise by a series of acetate
buffers of different volumes adjusted to the different
pH values as follows: 40 ml 0.1 M sodium acetate, 1 M
nacl, pH 6.0; 30 ml 0.1 M sodium acetate, 1 M nacl,
pH 5.5; 110 ml 0.1 M sodium acetate, 1 M nacl, pH
5.0; 60 ml 0.1 M sodium acetate, 1 M nacl, pH 4.75; 20
ml 0.1 M sodium acetate, 1 M nacl, pH 4.5; 30 ml 0.1
M sodium acetate, 1 M nacl, pH 3.2. the separation of
ubiquityl-calmodulin  conjugates  from  free  calmodulin
was monitored by 15 % sDs-PagE. fractions contain-
ing ubiquityl-calmodulin devoid of free calmodulin were
pooled,  concentrated  and  dialyzed  on  centricon  10
tubes  against  10  mM  sodium  b-glycerophosphate,  0.1
mM cacl2, pH 7.0. In the case that the different conju-
gate  fractions  were  not  separated  all  conjugates  were
eluted at pH 3.0 in one step. the conjugate yield in this
procedure was ca. 1 mg.
Primary ubiquitin antibody
the ubiquitin antibody was prepared and characterized
by gehrke and Jennissen [51]. the ubiquitin antibody
was in subsequent purified by affinity chromatography
on  the  ubiquitin-sepharose  (unpublished  data).  the
ubiquitin  antibody  was  diluted  1:1000  in  10  mM
tris/Hcl,  150  mM  nacl,  30  mg/ml  bsa,  pH  7.0
(buffer b).
analytIc MEtHoDs
SDS-PAGE
sDs-PagE was performed with 15% gels according to
[58]. 200 ﾵg protein per lane were applicated. the mole-
cular weight standards for sDs-PagE and the ubiqui-
tin-calmodulin standards are given under Materials.
Western-Blot
the protein transfer of Problottﾮ-membrane based on
a method of towbin et al. [59]. the method was modi-
fied and optimized by M. Dietsch and H.P. Jennissen
(unpublished data). two graphite plates (sartorius, g￶t-
tingen) were chosen as electrodes in a semidry-blotting
system [60].
blot-arrangement anode: 3 layers of whatmanﾮ-filter
paper (nr. 3, whatmanﾮ, Madestone, UK) in 300 mM
tris/Hcl, 20 % methanol, pH 10.4. 2 layers of what-
manﾮ filter paper in 25 mM tris/Hcl, 20 % methanol,
pH  10.4.  1  layer  Problottﾮ-membrane,  1  layer  sDs-
PagE.  blot-arrangement  cathode:  2  layers  of
whatmanﾮ filter  paper  in  25  mM  tris/Hcl  20  %
methanol, pH 9.4. the blot was weighted with 2.5 kg
and blotted with 40 ma for 31/2 h. after the transfer the
Problottﾮ-membrane was washed four times in 10 mM
tris,  150  mM  nacl,  pH  7.0  (buffer  a)  and  then  air
dried.  the  molecular  standards  (serva  blue  R)  were
stained with 0.1 % amidoschwarz, 40 % methanol and 1
% acetic acid for 20-30 sec. amidoschwarz was elimi-
nated from the Problottﾮ-membrane with millipore wa-
ter. the destained Problottﾮ-membrane was dried by air
and then incubated for 1 h at 120 ﾰc under vacuum in a
dessicator (swerdlow et al., 1986). after the heat pro-
cessing the Problottﾮ-membrane was incubated for 10
min in methanol and washed for 10 min in 10 mM tris,
150  mM  nacl,  pH  7.0  and  finally  reblocked  with  10
mM tris/Hcl, 150 mM nacl, 30 mg/ml bsa, pH 7.0
for 90 min (buffer b). both primary and secondary anti-
bodies were diluted 1:1000 in buffer b. after 90 min in-
cubation  with  primary  antibody  the  Problottﾮ-mem-
brane was washed four times for 15 min in buffer a.
the  Problottﾮ-membrane  was  reblocked  5  min  in
buffer b and in a further step incubated 30 min with
secondary antibody (peroxidase labelled anti sheep anti-
body, sigma) following by rinsing one time each 5 and
10  min  and  three  times  15  min  in  buffer  a.  the
Problottﾮ-membrane was incubated 1 min in 1 vol. de-
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sham) and placed between two layers of thin plastic foil
in  the  presence  of  enhancer  foils  (cronex  lightning
Plus, Dupont de nemours) and were exposed to hyper-
film (18 X 24 cm amersham) for 2-5 min. 
Competitive ubiquitin western blot
In the case of ubiquitin displacement blot, unconjugat-
ed ubiquitin were added in a concentration of 5 mg/ml
to the primary antibody.
Splitting of  ubiquitin-conjugates with ubiquitylprotein-
isopeptidase
before incubation of the rabbit tissues with the ubiqui-
tylprotein-isopeptidase, the probes were dialyzed against
20  mM  tris/Hcl,  20  mM  b-mercaptoethanol,  5x10-5
PMsf, pH 8.0. to eliminate iodacetamide. Iodacetamide
inhibits the ubiquitylprotein-isopeptidase irreversible. 
the batches, incubated with ubiquitylprotein-isopep-
tidase had a final concentration of 50 mM tris/Hcl, 1
mM DtE, 50 ﾵM PMsf und 5 ﾵg/ml leupeptine, pH
8.0. after incubation at 37 ﾰc for a given time (60 min.)
in a waterbath, the reaction were irreversible inhibited
by a final concentration of 5 mM iodacetamide and 10
% w/v tca (final concentration 5 % tca, 20 min, 0
ﾰc). Each batch was incubated with 25 ﾵg ubiquitylpro-
tein-isopeptidase. 
Ubiquityl-calmodulin isopeptidase test
Ubiquityl-calmodulin isopeptidase test was used for ex-
perimental verification of "true" ubiquityl-protein con-
jugates (as well as free branched multiubiquitin chains)
in examined probes and its discrimination from linear
polyubiquitin  chains.  Reaction  mixtures  for  ubiquityl-
calmodulin isopeptidase tests contained in a total vol-
ume of 230.8 ﾵl 50 mM tris/Hcl, 5 mM Mg acetate,
8.5  ﾵg  ubiquityl-calmodulin  conjugates  or  100  ﾵg  of
aPf II fraction from non-atP depleted reticulocytes
and  50  ﾵg  enriched  ubiquityl-calmodulin  isopeptidase
fraction.  Incubation  was  stopped  after  60  min.  by
adding of tca at final concentration of 5 %. the pel-
lets were neutralized with 60 ﾵl laemmli sample buffer,
heated to 96ﾰc for 10 min and then subjected for sDs-
PagE. Respective volumes of 50 mM tris/Hcl, 5 mM
iodacetamide were added to control probes instead of
the enzyme solution.
Amino acid analysis
Purified ubiquitin, calmodulin and monoubiquitination
products of calmodulin were hydrolyzed in vacuum for
24 and 48 hours in 6 n Hcl, 0.1 % (w/v) phenol at 110
ﾰc. amino acid analysis (oPa method) was done on a
spherisorb o.D.s. II column (fa. grom, Herrenberg) as
described by [25, 61].
Splitting of  internal rabbit muscle ubiquitin-conjugates with
trypsin
the batches (200 ﾵg protein) incubated with trypsin had
a final concentration of 20 mM trsi/Hcl, 20 mM b-
mercaptoethanol, 5 x 10-5 PMsf, pH 8.0. after incuba-
tion at 37 ﾰc for a given time (30 min) in a water bath,
the  reaction  was  stopped  irreversible  with  10  %  w/v
tca (final concentration 5 % tca, 20 min, 0 ﾰc). Each
bath was incubated with 65 ﾵg trypsin.
otHER PRocEDUREs
Protein 
Protein was determined after tca precipitation (5 %),
washing and resolubilization to the method of (lowry)
on  an  autoanalyzer  (technicon)  employing  bsa  as
standard.
REsUlts
IncUbatIon of UbIqUItIn calMoDUlIn conJUgatEs
wItH UbIqUItylPRotEIn-IsoPEPtIDasE
after synthesis of in vitro purified first- and higher-or-
der ubiquitin calmodulin conjugates we posed the ques-
tion if these conjugates could serve as a substrate of the
ubiquitylprotein-isopeptidase.  Incubation  of  ubiquitin
calmodulin conjugates (fig. 1) with different concentra-
tions  of  Ubiquitylprotein-isopeptidase  clearly  showed
that only a small concentration of Enzyme is needed to
dissociate all ubiquitin calmodulin conjugates into un-
bound calmodulin and unconjugated ubiquitin. Howev-
er, this experiment did not conclusively prove that the
isopeptide  bonds  of  ubiquitin  calmodulin  conjugates
had been cleaved. the same results would be observed
if ubiquitin were cleaved proteolytically at the arg74-
gly75 peptide bond which would release ubiquitin-des-
gly-gly  which  would  be  indistinguishable  on  sDs-
PagE  from  native  ubiquitin.  an  endogenous  tissue
protease splitting at this position was reported by Haas
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Table 1. amino acid analysis of the first order ubiquityl-calmod-
ulin conjugate.
amino acid    first order Ubiquityl-calmodulin conjugate
composition from composition found
sequence
mean stdev.
(mol/mol) (Mol/mol)
asx 30 29.24 0.90
glx 39 39.32 1.36
ser 7 6.07 0.22
gly 17 17.49 0.43
thr 19 18.96 0.58
His 2 1.77 0.15
ala 13 13.56 0.55
tM-lys 1 0.97 0.08
arg 10 9.94 0.27
tyr 3 3.16 0.12
val 11 11.50 0.22
Met 10 9.88 0.23
Phe 10 10.69 0.33
Ile 15 15.56 1.12
leu 18 18.34 0.73
lys 14 13.19 1.25
Isolated ubiquitin, calmodulin and monoubiquitylation products
of calmodulin were hydrolyzed in vacuum for 24 respectively 48
hours in 6 n Hcl, 0.1 % (w/v) phenol at 110 ﾰc. amino acid
analysis (oPa method) was done on a spherisorb o.D.s. II col-
umn (fa. grom, Herrenberg) as described in [1-2]. the mean
values were calculated from the data obtained after 24 and 48
hours of hydrolysis. asx: asparagine and aspartic acid; glx: glut-
amine and glutamic acid; tM-lys: trimethyllysine.
3) Sixt#_Umbruchvorlage  15.10.10  18:57  Seite 432et  al.  [62].  therefore  it  had  to  be  demonstrated  that
ubiquitin as well as calmodulin were released from the
conjugates in intact primary-structural form, before the
conclusion of true isopeptidase activity could be drawn.
figure 1 showed clearly only two proteins of 17 kDa
and 8.5 kDa are formed as products from first and sec-
ond-order conjugates of calmodulin. no intermediate
or low molecular mass species were detectable. the two
protein products displayed the identical molecular mass
of the intact calmodulin and intact ubiquitin. However,
a limited proteolysis involving only a few amino acids
could not be excluded.
the release of unbounded ubiquitin and calmodulin
were therefore isolated from the incubation mixture and
the amino acid composition was determined. the analy-
sis of the regained products (table 1 and 2) demon-
strates that the amino acid composition of both ubiqui-
tin and calmodulin correspond to that predicted by the
sequence.  the  released  ubiquitin  contains  6  glycine
residues and one methionine, demonstrating that both
the  n-terminal  and  c-terminal  ends  must  have  re-
mained  intact.  analogously  the  released  calmodulin
contains  11  alanine  and  7  lysine  residues  (table  2)
demonstrating the presence of an intact n-terminal and
c-terminal structure of this protein also. the 11 detect-
ed  glycine  residues  exclude  any  additional  glycines
residues  remaining  from  ubiquitin.  such  additional
glycines would be expected if a proteolytic cleavage of
the arg74-gly75 site on ubiquitin in the conjugate had
taken  place.  since  first-  and  second-order  conjugates
were employed in the experiment of fig. 1, the results
strongly indicated that two types of bonds were split: (a)
the n…-ubiquityl-ubiquitin isopeptide bond and (b) the
n…-ubiquityl-calmodulin isopeptide linkage.
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Table 2. aminoacid analysis of ubiquitin and calmodulin released from first-order ubiquitylcalmodulin conjugate.
amino  UbIqUItIn calMoDUlIn
acid
control Released control Released
composition  mean stdev. mean stdev. composition  mean stdev. mean stdev.
from from
sequence sequence
(mol/mol) (mol/mol) (mol/mol) (mol/mol) (mol/mol) (mol/mol) (mol/mol) (mol/mol) (mol/mol) (mol/mol)
asx 7 7.0 0.35 7.2 0.26 23 22.7 1.85 23.0 0.96
glx 12 12.4 0.95 12.7 0.86 27 28.1 1.75 26.8 3.09
ser 3 2.6 0.12 2.8 0.17 4 3.8 0.22 4.3 0.36
gly 6 6.7 0.22 6.1 0.52 11 11.0 0.96 10.6 0.72
thr 7 6.5 0.32 6.4 0.13 12 11.9 0.76 11.2 0.49
His 1 0.9 0.18 0.8 0.06 1 0.9 0.15 1.3 0.44
ala 2 2.1 0.12 2.1 0.12 11 11.6 0.36 11.2 0.76
tM-lys 0 0.0 0.00 0.0 0.00 1 0.8 0.06 0.9 0.31
arg 4 3.9 0.20 3.9 0.10 6 5.7 0.31 5.7 0.43
tyr 1 0.9 0.14 1.0 0.04 2 2.1 0.08 2.0 0.20
val 4 4.0 0.21 4.3 0.39 7 7.4 0.32 7.3 0.52
Met 1 nD nD  0.9 0.07 9 5.8 0.34 7.2 0.11
Phe 2 1.9 0.09 2.0 0.11 8 8.3 0.35 7.9 0.76
Ile 7 6.8 0.30 6.6 0.23 8 8.6 0.67 8.4 0.55
leu 9 8.7 0.46 8.9 0.30 9 9.7 0.45 9.6 0.51
lys 7 6.5 0.39 7.3 0.31 7 6.5 0.68 7.6 0.78
the mean values were calculated from the data obtained after 24 and 48 hours of hydrolysis. for further details see legend to table 1
and the text. nD: not determined
Fig.1. Reaction products of isopeptidase activity.  
Reaction mixtures for isopeptidase activity contained in a final
volume of 50 ﾵl 50 mM tris/Hcl, 1 mM DtE, 5 mM Mgcl2, 
1 mM atP, 1 mM Egta,  0.2 mg/ml first order and second
order  ubiquityl-calmodulin  conjugates  and  the  indicated
amounts  of  affinity-purified  isopeptidase  activity.  Incubation
was stopped after 60 min by adding 60 ﾵl of laemmli sample
buffer containing 10 mM Egta and heating to 96 ﾰ c for 5
min. the reaction mixtures were analyzed on a 12.5 % weber-
osborne gel.
lane 1: without added isopeptidase activity
lane 2: with 0.12 mg/ml affinity-purified isopeptidase
lane 3: with 0.23 mg/ml affinity-purified isopeptidase
lane 4: with 0.46 mg/ml affinity-purified isopeptidase
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Competitive Western blot
competition of unconjugated ubiquitin with his hapten
served as control for specificity of the affinity purified
antibody. the more unconjugated ubiquitin were need-
ed  to  displace  the  antibody  from  his  binding  site, 
the merrier specific is the primary antibody. Unconju-
gated monomeric ubiquitin (5 mg/ml) was added into
the  primary  antibody  solution.  addition  of  5  mg/ml 
(final  concentration)  unconjugated  ubiquitin  led  to 
complete  disappearance  of  the  ubiquitin-conjugate 
(lane 2 fig 2). High ubiquitin concentrations (~ 1 mM)
were  necessary  in  order  to  prevent  a  reaction  with 
the  ubiquityl-calmodulin  conjugates.  this  indicates 
the  high  affinity  of  our  antibody  to  ubiquitin-conju-
gates.  Incubation  with  50  ﾵg  of  ubiquitylprotein-
isopeptidase  (see  material)  led  to  complete  disappear-
ance of the ubiquityl-calmodulin conjugates (fig. 2, lane
3)  and  unconjugated  ubiquitin  (free  ubiquitin)  origi-
nates. 
Sensitivity of  anti-ubiquitin antibodies against free 
ubiquitin 
titration experiments of increasing amounts of mono  -
meric unconjugated ubiquitin (fig. 3 and 4) showed a
linear  dependence  of  signal  intensity  from  ubiquitin
amount. the lower detection limit of our primary ubiq-
uitin-antibody is assigned to approximately 50 ng. 
wEstERn-blot analysIs of oRgan tIssUEs wItH
UbIqUItIn-antIboDy
Detection of  ubiquityl-calmodulin conjugates in reticulocyte
APFII 
the reticulocyte is a well characterised biological system
[2]. It was one of the first organ tissues in witch the
ubiquitin-calmodulin  ligase  and  the  ubiquitylprotein-
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Fig. 2. competitive western blot demonstrating specificity of anti-ubiquitin antibodies.
western blot of synthetic ubiquityl-calmodulin conjugates with an affinity purified anti-ubiquitin antibody in presence of monomeric
unconjugated ubiquitin (5 mg/ml endconcentration) and ubiquitylprotein-isopeptidase. the addition of monomeric unconjugated
ubiquitin led to the loss of signal from ubiquitin as well as multiubiqutin chain, attached to target protein.
Reaction mixtures for ucaM-isopeptidase tests (lane 3) contained in a total volume of 230 ﾵl 50 mM tris/Hcl, 5 mM Mg acetate, 8.5
ﾵg ucaM-conjugates and 50 ﾵg enriched ucaM-isopeptidase fraction. Incubation was stopped after 60 min. by adding tca at final
concentration of 5%. the pellets were neutralized with 60 ﾵl laemmli sample buffer, heated to 96ﾰc for 10 min and then subjected
for sDs-PagE. 
first- and second order ubiquitin-calmodulin conjugates (ucaM I and ucaM II) are indicated on the left side of the panel.
lane 1:  8.5 ﾵg ubiquityl-calmodulin conjugates 
lane 2:  8.5 ﾵg ubiquityl-calmodulin conjugates and 5 mg/ml unconjugated ubiquitin 
lane 3:  8.5 ﾵg ubiquityl-calmodulin conjugates incubated with 50 ﾵg ubiquitylprotein-isopeptidases 
Fig.  3.  western  blot  with  increasing  ubiquitin  concentration
demonstrating sensitivity of anti-ubiquitin antibodies against un-
conjugated ubiquitin western blot analysis with affinity purified
ubiquitin  antibody  and  increasing  unconjugated  ubiquitin  (ﾵg
Ubiquitin per lane). 
1                                  2                                  3
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blot  of  ubiquityl-calmodulin  conjugates  and  reticulo-
cytes aPfII plus and minus ubiquitylprotein-isopepti-
dase.  the  ubiquitylprotein-isopeptidase  incubation  of
8.5 ﾵg ubiquitin calmodulin conjugates showed a total
degradation of the conjugates and unconjugated ubiqui-
tin originates. However, the western blot of reticulocyte
aPfII  with  an  affinity  purified  ubiquitin  antibody
showed  proteins  with  a  molecular  weight  between  30
kDa and 40 kDa, consistent with ubiquitin calmodulin
conjugates  (ucaM  I  and  ucaM  II).  after  incubation
with ubiquitylprotein-isopeptidase, high molecular pro-
teins (lane 4, fig.5) were almost cleaved by the isopep-
tidase and unconjugated ubiquitin originates. this find-
ing supposed the existence of ubiquitin calmodulin con-
jugates in reticulocyte aPfII in vivo. 
since, the calmodulin concentration in skeletal mus-
cle is very high and the muscle degradation is controlled
by the proteasome system [63-66] we hypothesized the
existence of ubiquityl-calmodulin conjugates also in the
skeletal muscle. 
Western-blot analysis of  heart muscle with ubiquitin-antibody
the western-blot with an affinity purified ubiquitin-an-
tibody of the heart muscle showed protein bands in the
range  of  30  to  40  kDa,  consistent  with  molecular
weights  of  ubiquityl-calmodulin  conjugates  (ucaM  I
and II). after incubation with 12.5 ﾵg ubiquitylprotein-
isopeptidase  (fig.6a,  lane  2),  the  purified  ubiquityl-
calmodulin  conjugates  disappeared  and  unconjugated
ubiquitin  originated  (see  also  figure  1).  However,  we
also proofed the incubation condition for ubiquitylpro-
tein-isopeptidase in the rabbit tissue itself (fig. 6a). as a
control, additional purified ubiquitin calmodulin conju-
gates were put into the pass through of the heart mus-
cle.  Under these conditions we could clearly show a
cleavage of ubiquitin calmodulin conjugates in the mix-
ture  of  heart  muscle  and  added  ubiquitin  calmodulin
conjugates. furthermore, we tested the increasing effect
of isopeptidase titration (lane 3 and 4 fig. 6a) in the
heart muscle pass through. the increase of isopeptidase
concentration in the incubation mixture had no addi-
tional effect of the cleavage ubiquityl-calmodulin conju-
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Fig. 4. sensitivity of anti-ubiquitin antibodies against free ubiquitin.
linear regression between the amount of monomeric unconjugated ubiquitin
and  the  bandvolume  specified  in  pixelintensity.  the  detection  limit  of
monomeric ubiquitin is in a range of 0.1 to 1 ﾵg linear. the detection limit of
ubiquitin was 0.05 ﾵg.
Fig. 5. western blot assay of ubiquitylated proteins in fractions obtained from  rabbit reticulocytes.
Reticulocytes were prepared in presence of 10 mM glucose, 145 mM nacl, 5 mM Kcl, 1 mM ca2+, 0.15 mM Mgcl2, 0.1 mM Egta,
10 mM HEPEs, pH 7.4 and lysed in presence of 10 mM iodacetamide. 250 ml lysate (63.22 mg/ml) was prepared as described in Ma-
terial. 
Reaction mixtures for ucaM-isopeptidase (lane 2 and 4) contained in a total volume of 230.8 ﾵl 50 mM tris/Hcl, 5 mM Mg acetate,
50 ﾵg enriched ucaM-isopeptidase fraction. Incubation was stopped after 60 min. by adding of tca at final concentration of 5%.
the pellets were neutralized with 60 ﾵl laemmli sample buffer, heated to 96ﾰc for 10 min and then subjected for sDs-PagE. 
lane 1: 8.5 ﾵg ubiquityl-calmodulin conjugate 
lane 2: 8.5 ﾵg ubiquityl-calmodulin-conjugate + 50 ﾵg ubiquitylprotein-isopeptidase
lane 3: 100 ﾵg reticulocyte aPf II 
lane 4: 100 ﾵg reticulocyte aPf II + 50 ﾵg ubiquitylprotein-isopeptidase
Ubiquitylated proteins, first- and second order ubiquityl-calmodulin-conjugates (ucaM I and ucaM II) and free ubiquitin are indicat-
ed with arrows.
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Fig. 6b. Densitogramm of lane 1 fig. 6a.
fig 6b shows the densitogram of lane 1 fig 6a extracted from the computer program Phoretix 1D standard (nonlinear Dynamics
ltD). 
lane1: 8.5 ﾵg ubiquityl-calmodulin conjugates (order 1-3)
Fig. 6a. cleavage of Ubiquitin-conjugates in the heart muscle with ubiquitylprotein-isopeptidase. 
fig.6a shows the cleavage of ubiquitin-conjugates of the extract heart muscle pass-through (batch 2-7). all batches were incubated for
60 min in 37 ﾰc in a water bath. the reaction was stopped by adding trichloracetic acid (final concentration 5 % w/v tca, 20 min 0
ﾰc). after centrifugation for 5 min in an Eppendorf centrifuge 5415 (Eppendorf, Hamburg) at 16000 x g the pellet was solved in sam-
ple buffer for laemmli system and was blotted on PvDf-membrane (see materials).
lane1: 8.5 ﾵg ubiquityl-calmodulin conjugates (order 1-3)
lane 2: 8.5 ﾵg ubiquityl-calmodulin conjugates (order 1-3) and 12.5 ﾵg ubiquitylprotein-isopeptidase
lane 3: 200 ﾵg heart muscle run-through + 8.5 ﾵg ubiquityl-calmodulin conjugates (order 1-3) and 12.5 ﾵg ubiquitylprotein-isopep-
tidase
lane 4: 200 ﾵg heart muscle run-through + 8.5 ﾵg ubiquityl-calmodulin conjugates (order 1-3) and 25 ﾵg ubiquitylprotein-isopepti-
dase.
lane 5: 200 ﾵg heart muscle run-through and 25 ﾵg ubiquitylprotein-isopeptidase
lane 6: 200 ﾵg heart muscle run-through, 25 ﾵg ubiquitylprotein-isopeptidase and 5 mM iodacetamide
lane 7: 200 ﾵg heart muscle run-through (control)
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25 ﾵg ubiquitylprotein-isopeptidase were put into each
incubation assay. In contrast, the addition of 5 mM io-
dacetamide  (lane  6,  fig.  6a),  irreversible  inhibited  the
ubiquitylprotein-isopeptidase and no cleavage of ubiq-
uitin calmodulin conjugates could be observed (lane 6,
fig. 6a). 
for visualization and standardised analysis ubiquity-
lated proteins in the organ tissues, we objectify by evalu-
ation of two criteria: molecular weight and pixel intensi-
ty. western blot data were reduced to the densitogram
scan (Phoretix 1D, nonlinear Dynamics ltD). fig. 6b
and 6c shows the reduction of the densitogram scan of
ubiquityl-calmodulin conjugates before (fig. 6b) and af-
ter (fig. 6c) incubation with the ubiquitylprotein-isopep-
tidase. as a result, unconjugated ubiquitin originated. 
Incubation of  organ tissues with ubiquitylprotein-
isopeptidase
the incubation of the heart muscle aPfII (fig 7a) with
the ubiquitylprotein-isopeptidase showed only little ef-
fect. the extract (fig.7a) showed only a small signal lev-
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Fig. 6c. Densitogramm of lane 2 fig. 5a.
fig 6c shows the Densitogram of lane 2 fig 5a (see above) extracted from the computer program Phoretix 1D standard (nonlinear
Dynamics ltD). 
lane 2: 8.5 ﾵg ubiquityl-calmodulin conjugates (order 1-3) and 12.5 ﾵg ubiquitylprotein-isopeptidase
Fig. 7a. overlay of the densitogram curves before and after ubiquitylprotein-isopeptidase incubation of the heart muscle extract
fig. 7a shows the densitogram curves before (green lane) and after (red lane) enzyme incubation of 200 ﾵg heart muscle-extract and
25 ﾵg ubiquitylprotein-isopeptidase (see material). the batches incubated with ubiquitylprotein-isopeptidases had a final concentra-
tion of 50 mM tris/Hcl, 1 mM DtE, 50 ﾵM PMsf and 5 ﾵg/ml leupeptine, pH 8.0. after incubation at 37 ﾰc for a given time (60
min) in a waterbath the reaction was irreversible inhibited by an final concentration of 5 mM iodacetamide and 10 % w/v tca (final
concentration 5 % tca, 20 min, 0 ﾰc). Each batch was incubated with 25 ﾵg ubiquitylprotein-isopeptidase. both densitograms were
overlayed to estimate the release of unconjugated (free) ubiquitin. 
I                                                                      I                       I
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3) Sixt#_Umbruchvorlage  15.10.10  18:57  Seite 437el reduction in the photometric curve. a two-fold high-
er peak area is obtained for unconjugated ubiquitin in
the extract of the heart muscle than before enzyme in-
cubation.  the  incubation  of  heart  muscle-aPfII  (see
fig.7b) showed no signal level reduction, but a 20-fold
higher unconjugated ubiquitin level. there is a discrep-
ancy between signal level reduction and the arise of un-
conjugated  ubiquitin.  Ubiquityl-calmodulin  conjugates
from order I and II in the heart muscle extract and aP-
fII could not be observed. 
Incubation of  the white muscle-extract and APFII with the
ubiquitylprotein-isopeptidase
the signal level in the high-molecular field of the white
muscle-extract (fig. 8a) decreases after ubiquitylprotein-
isopeptidase incubation (lane 3 and 6). a 68-fold higher
unconjugated  ubiquitin  level  is  obtained  after  enzyme
incubation without identification of any co-reactant of
the  ubiquitylprotein-isopeptidase.  of  note,  only  the
protein peak with a molecular weight of 27 kDa (fig.
8b), consistent with the ubiquityl-calmodulin conjugate
EURoPEan JoURnal of MEDIcal REsEaRcH 438 october 25, 2010
Fig. 7b. overlay of the densitogram curves before and after ubiquitylprotein-isopeptidase incubation of the heart muscle aPfII
fig. 7b shows the densitogram curves before (green lane) and after (red lane) enzyme incubation of 200 ﾵg heart muscle-aPfII and
25 ﾵg ubiquitylprotein-isopeptidase (see material). the batches incubated with ubiquitylprotein-isopeptidase had a final concentration
of 50 mM tris/Hcl, 1 mM DtE, 50 ﾵM PMsf and 5 ﾵg/ml leupeptine, pH 8.0. after incubation at 37 ﾰc for a given time (60 min)
in a waterbath the reaction was irreversible inhibited by an final concentration of 5mM M iodacetamide and 10 % w/v tca (final
concentration 5 % tca, 20 min, 0 ﾰc). Each batch was incubated with 25 ﾵg ubiquitylprotein-isopeptidase. both densitograms were
overlayed to estimate the release of unconjugated (free) ubiquitin. 
Fig. 8a. cleavage of Ubiquitin-conjugates in the white muscle with ubiquitylprotein-Isopeptidase
fig.8a shows the cleavage of ubiquitin-conjugates of the extract and aPfII after anion-exchange chromatography from the white
muscle (batch 2-7). the incubation batches contained with a final concentration of 5 ﾵg/ml leupeptine and depending on batch 5 mM
iodacetamide. all batches were incubated for 60 min in 37 ﾰc in a waterbath. the reaction was stopped by adding trichloracetic acid
(final concentration 5 % w/v tca, 20 min 0 ﾰc). 
after centrifugation for 5 min in an Eppendorf centrifuge 5415 (Eppendorf, Hamburg) at 16000 x g the pellet was solved in sample
buffer for laemmli system and was blotted on PvDf-membrane (see Materials).
lane 1: 8.5 ﾵg ubiquitin-calmodulin conjugates (order 1-3) (control).
lane 2: 200ﾵg white muscle extract, 8.5 ﾵg ubiquitin-calmodulin conjugates 
(order 1-3) and 25 ﾵg ubiquitylprotein-isopeptidase
lane 3: 200 ﾵg white muscle extract and 25 ﾵg ubiquitylprotein-isopeptidase
lane 4: 200 ﾵg white muscle extract and with a final concentration of 5 mM iodacetamide
lane 5: 200 ﾵg white muscle run-through, 8.5 ﾵg ubiquitin-calmodulin conjugates (order 1-3) and 25 ﾵg ubiquitylprotein-isopepti-
dase
lane 6 200 ﾵg white muscle run-through and 25 ﾵg ubiquitylprotein-isopeptidase
lane 7: 200 ﾵg white muscle run-through (control) and 5 mM iodacetamide
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ubiquitylprotein-isopeptidase.  the  incubation  of  the
white muscle aPfII demonstrates the signal level reduc-
tion of three protein peaks (see fig.8c). these proteins
have  a  molecular  weight  of  43,  27  and  14  kDa.  the
amount of unconjugated ubiquitin is negligible. a 3.1-
fold higher unconjugated ubiquitin level is obtained af-
ter enzyme incubation.
In conclusion, ubiquityl-calmodulin conjugates could
only be detected in the reticulocyte aPfII and in the
white muscle extract (ucaM I) and aPfII (ucaM I and
ucaM II). 
However, the western blots with affinity purified anti-
body showed a multiplicity of ubiquitin conjugates. to
exclude a cross reactivity of the affinity purified ubiquitin
antibody and to verify these conjugates as in vivo ubiqui-
tin  conjugates  we  incubated  the  organ  tissues  with
trypsin,  because  trypsin  can  split  ubiquitin-conjugates
[67].  the  trypsinated  ubiquitin  is  termed  des-gly-gly-
ubiquitin or ubiquitin-t. the last two amino acid of the
ubiquitin were separated, because trypsin in general splits
between the two amino acids arg and gly. the ubiquitin t
it self, is resistant against further trypsin splitting.
Ubiquitin-conjugate + trypsin ￆ ubiquitin-t + 
ubiquitin-conjugates (n-x) + ubiquitin-conjugate-
fragments 
the loss of trypsin incubation experiments is the ab-
sence of facility to distinguish between the decomposi-
tion product of the “mother-protein” or the multiubiq-
uitin chains. Ubiquitin-t arises during the splitting of
ubiquitin-chains. of note, the ubiquitin antibody detect-
ed the ubiquitin-t 10-12 fold worser than unconjugated
ubiquitin (data not shown). However, the occurrence of
ubiquitin-t  after  trypsin  incubation  strongly  indicates
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Fig. 8b. overlay of the densitogram curves before and after ubiquitylprotein-isopeptidase incubation of the white muscle extract
fig. 8b shows the densitogram curves before (green lane) and after (red lane) enzyme incubation of 200 ﾵg white muscle-extract and
25 ﾵg ubiquitylprotein-isopeptidase (see material). the batches incubated with ubiquityl-isopeptidase had a final concentration of 50
mM tris/Hcl, 1 mM DtE, 50 ﾵM PMsf and 5 ﾵg/ml leupeptine, pH 8.0. after incubation at 37 ﾰc for a given time (60 min) in a
waterbath the reaction was irreversible inhibited by an final concentration of 5 mM iodacetamide and 10 % w/v tca (final concen-
tration 5 % tca, 20 min, 0 ﾰc). Each batch was incubated with 25 ﾵg ubiquitylprotein-isopeptidase. both densitograms were over-
layed to estimate the release of unconjugated (free) ubiquitin after ubiquitylprotein-isopeptidase incubation. 
Fig. 8c. overlay of the densitogram curves before and after ubiquitylprotein-isopeptidase incubation of the white muscle aPfII
fig. 8c shows the densitogram curves before (green lane) and after (red lane) enzyme incubation of 200 ﾵg white muscle-aPfII and
25 ﾵg ubiquitylprotein-isopeptidase (see material). the batches incubated with ubiquityl-isopeptidase had a final concentration of 50
mM tris/Hcl, 1 mM DtE, 50 ﾵM PMsf and 5 ﾵg/ml leupeptine, pH 8.0. after incubation at 37 ﾰc for a given time (60 min) in a
waterbath the reaction was irreversible inhibited by an final concentration of 5 mM iodacetamide and 10 % w/v tca (final concen-
tration 5 % tca, 20 min, 0 ﾰc). Each batch was incubated with 25 ﾵg ubiquitylprotein-isopeptidase. both densitograms were over-
layed to estimate the release of unconjugated (free) ubiquitin. 
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sues. 
Trypsin-incubation of  the heart muscle
after  trypsin-incubation  of  the  heart  muscle-extract
(fig 9a and 9b) protein peaks with a molecular weight of
43, 24 and 13 kDa, indicating weaker signal intensity as
the control. the signal level in the extract is clearly de-
creased by incubation with trypsin and ubiquitin-t orig-
inated. a new protein band is detected by the ubiquitin-
antibody at 7 kDa initially not detectable in the control.
Presumably a degradation product of the ubiquitin-con-
jugate occurs in this case. the aPfII of the heart mus-
cle (fig. 9c) shows a general signal reduction. In particu-
lar the protein peaks with a molecular weight of 38 and
24 kDa showed a decrease of signal strength. Ubiquitin-
t and a protein peak with a molecular weight of 7 kDa
arise. also the heart muscle-aPfII shows a decreasing
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Fig. 9a. trypsin-incubation of heart muscle-extract and aPfII.
fig. 9a shows the cleavage of internal and external ubiquitin-conjugates of the heart muscle with trypsin. the incubation batches have
a final concentration of 5 ﾵg/ml leupeptine. the batches were incubated for 30 min in 37 ﾰc in a waterbath. the reaction was
stopped by adding trichloracetic acid (final concentration 5 % w/v tca, 20 min 0 ﾰc). 
after centrifugation for 5 min in an Eppendorf centrifuge 5415 (Eppendorf, Hamburg) at 16000 x g the pellet were solved in the
sample buffer for laemmli system and then blotted on PvDf-membrane (see materials).
lane 1: 8.5 ﾵg ubiquityl-calmodulin conjugates and 2 ﾵg unconjugated ubiquitin
lane 2: 200 ﾵg red muscle-extract, 8.5 ﾵg ubiquityl-calmodulin conjugates and 65 ﾵg trypsin
lane 3: 200 ﾵg heart muscle extract and 65 ﾵg trypsin
lane 4: 200 ﾵg heart muscle extract
lane 5: 200 ﾵg heart muscle aPfII, 8.5 ﾵg ubiquityl-calmodulin conjugates and 65 ﾵg trypsin
lane 6: 200 ﾵg heart muscle aPfII and 65 ﾵg trypsin
lane 7: 200 ﾵg heart muscle aPfII
I                  I                                            I                     I           I
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Fig. 9b. overlay of the densitogram curves before and after trypsin-incubation of the heart muscle extract
fig. 9b shows 200 ﾵg heart muscle extracts before (green) and after (red) incubation with 65 ﾵg trypsin (sees Material). the batches,
incubated with trypsin had a final concentration of 20 mM tris/Hcl, 20 mM b-mercaptoethanol, pH 8.0. after incubation at 37 ﾰc
for a given time (30 min) in a waterbath, the reaction were irreversible inhibited by an final concentration of 10 % w/v tca (final
concentration 5 % tca, 20 min, 0 ﾰc). 
peak area
3) Sixt#_Umbruchvorlage  15.10.10  18:57  Seite 440signal  intensity  of  all  protein  peaks  detected.  In  this
case ubiquitin-t and the protein peak with 7 kDa can be
obtained. 
Trypsin-incubation of  the white muscle
the white muscle-extract (fig. 10a and 10b) shows a
similar picture, in regard to reduction of signal intensi-
ty. after trypsin-incubation only a middle and low mol-
ecular protein “smear” could be detected. Ubiquitin-t
and a 7 kDa protein arise after enzyme incubation. the
proteins with a molecular weight of 63, 47, 38 and 29
kDa showed after incubation only weak protein peaks.
In addition, white muscle aPfII showed also a signal
intensity reduction after trypsin incubation. Ubiquitin-t
and a 7 kDa protein arise. the peak area of the ubiqui-
tin is 7-fold higher in the aPfII (fig. 10c) after trypsin-
incubation than in the control. both extract and aPfII
of the white muscle indicate a clear shift of protein
peaks from higher molecular weight to lower molecular
weight. 
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Fig. 9c. overlay of the densitogram curves before and after trypsin-incubation of the heart muscle aPfII
fig. 9c shows the enzyme incubation of 200 ﾵg heart muscle-aPfII with 65 ﾵg trypsin (see Material). the batches, incubated with
trypsin had a final concentration of 20 mM tris/Hcl, 20 mM _-mercaptoethanol, pH 8.0. after incubation at 37 ﾰc for a given time
(30 min) in a waterbath, the reaction were irreversible inhibited by an final concentration of 10 % w/v tca (final concentration 5 %
tca, 20 min, 0 ﾰc). 
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+     +          -          -             +           -           - uCaM
-          +             +         -             +            +         - trypsin
Fig. 10a. trypsin-incubation of white muscle extract and aPfII.
fig. 10a shows the cleavage of internal and external ubiquitin-conjugates of the white muscle with trypsin. the incubation batches
have a final concentration of 5 ﾵg/ml leupeptine. the batches were incubated for 30 min in 37 ﾰc in a waterbath. the reaction was
stopped by adding trichloracetic acid (final concentration 5 % w/v tca, 20 min 0 ﾰc). 
after centrifugation for 5 min in an Eppendorf centrifuge 5415 (Eppendorf, Hamburg) at 16000 x g the pellet were solved in the
sample buffer for laemmli sytem and then blotted on PvDf-membrane (see materials).
lane 1: 8.5 ﾵg ubiquityl-calmodulin conjugates and 2 ﾵg unconjugated ubiquitin
lane 2: 200 ﾵg white muscle extract, 8.5 ﾵg ubiquityl-calmodulin conjugates and 65 ﾵg trypsin
lane 3: 200 ﾵg white muscle extract and 65 ﾵg trypsin
lane 4: 200 ﾵg white muscle extract
lane 5: 200 ﾵg white muscle aPfII, 8.5 ﾵg ubiquityl-calmodulin conjugates and 65 ﾵg trypsin
lane 6: 200 ﾵg white muscle aPfII and 65 ﾵg trypsin
lane 7: 200 ﾵg white muscle aPfII
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In  all  employed  rabbit  organs  the  ubiquitylprotein-
isopeptidase incubation led to a signal reduction of high
molecular weight proteins and/or unconjugated ubiqui-
tin.  we  identified  for  the  first  time  in  vivo ubiquityl-
calmodulin conjugates in the investigated organ tissues.
substrates of the ubiquitylprotein-isopeptidase could be
identified and had a molecular weight between 30 and
40 kDa, consistent with the molecular weight of ubiqui-
tyl-calmodulin conjugates (ucaM I and ucaM II). the
splitting of ubiquitin-conjugates with the ubiquitylpro-
tein-isopeptidase is a new highly specific method for the
detection  of  endogenous  ubiquitin  calmodulin  conju-
gates in organ tissues. 
the  specificity  of  the  ubiquitylprotein-isopeptidase
implies that only the isopeptide bond is splited, leaving
all other peptide bonds of the conjugated proteins in-
tact. since isopeptidases are endoproteinase type hydro-
lases it is essential therefore that all other possible cleav-
ages of amide bonds in the substrate proteins involved
are excluded. the first natural ubiquityl-protein conju-
gate for which such a specific cleavage of an isopeptide
bond  could  be  shown  [31-33]  was  the  chromosomal
protein a24 (ubiquityl-H2a semihistone, uH2a [68-69])
which was also the very first protein conjugate of ubiq-
uitin discovered and it was concluded that the ubiquity-
lation of histone a2 is a reversible process not related
to ubiquitin dependent proteolysis [34]. In this paper we
demonstrated  that  a  novel  isopeptidase  exists  which
splits ubiquityl-calmodulins and releases intact ubiquitin
and  calmodulin  according  to  the  following  reaction
scheme (n = 1 - 5):
(Mg2›)
(Ubiquitin)n-calmodulin ﾢ calmodulin + n Ubiquitin
Polyubiquitylated  calmodulin  is  split  into  the  two
components: free calmodulin and free ubiquitin. both
the  molecular  mass  and  the  amino  acid  composition
(table 1) are identical in the reaction products and the
native  proteins  calmodulin  and  ubiquitin  proving  that
only the connecting isopeptide bonds are cleaved leav-
ing the primary structures intact. the enzyme splits the
n…-ubiquityl-calmodulin bond which has been shown
to be located in the n-terminal portion (amino acids 1-
107)  of  calmodulin  [2].  the  amino  acid  to  which
calmodulin is linked is a lysine residue since methylation
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Fig. 10b. overlay of the densitogram curves before and after trypsin-incubation of the white muscle extract.
fig. 10b shows 200 ﾵg white muscle extracts before (green lane) and after (red lane) incubation with 65 ﾵg trypsin (sees Material). the
batches, incubated with trypsin had a final concentration of 20 mM tris/Hcl, 20 mM b-mercaptoethanol, pH 8.0. after incubation at
37 ﾰc for a given time (30 min) in a waterbath, the reaction were irreversible inhibited by an final concentration of 10 % w/v tca (fi-
nal concentration 5 % tca, 20 min, 0 ﾰc). 
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Fig. 10c. overlay of the densitogram curves before and after trypsin-incubation of the white muscle aPfII.
fig. 10c shows the enzyme incubation of 200 ﾵg white muscle aPfII with 65 ﾵg trypsin (see Material). the batches, incubated with
trypsin had a final concentration of 20 mM tris/Hcl, 20 mM b-mercaptoethanol, pH 8.0. after incubation at 37 ﾰc for a given time
(30 min) in a waterbath, the reaction were irreversible inhibited by an final concentration of 10 % w/v tca (final concentration 5 %
tca, 20 min, 0 ﾰc). 
3) Sixt#_Umbruchvorlage  15.10.10  18:57  Seite 442of calmodulin by formaldehyde followed by reduction
(unpublished) abolishes ubiquitylation.
In the case of the enzyme incubation in this work the
isopeptidase should have a high specificity, because only
few  proteins  were  deubiquitylated  by  this  enzyme.  In
contrast  to  the  trypsin-incubation  all  high  molecular
ubiquitin positive protein peaks were cleaved by trypsin
and ubiquitin-t arises. this indicates a high specificity
of the employed isopeptidase and underlines the theory
of selective cleavage of ubiquityl-calmodulin conjugates
in vivo.
Ubiquityl-calmodulin conjugates (ucaM I and ucaM
II) would serve as "internal-standards" with the isopep-
tidease-incubation. the calmodulin is bound at position
lys 21 with the ubiquitin by means of a particular en-
zyme system [28]. the deubiquitylation of proteins was
induced by specific isopeptidases. these enzymes catal-
yse the cleavage of isopeptide bound of ubiquitin and
the targed protein. consequently unconjugated ubiqui-
tin arises. 
Isopeptidases have an important physiological func-
tion. they adjust disassembly of ubiquitylated proteins
and consequently regulate the degradation of proteins
by the 26s proteasome [70]. this mechanism can be ad-
justed  by  the  isopeptidases  and/or  can  be  made  re-
versible so that this step in the degradation of ubiquity-
lated proteins is a key position.
another possibility for the regulation of ubiquitylat-
ed proteins is E4 [71]. E4 regulates the length of ubiq-
uitin chains and therefore the degradation over the 26s
proteasome. In the case of the non-catabole ubiquityla-
tion the biological function is adjusted by deubiquityla-
tion. 
furthermore, the possibility exists via the binding of
ubiquitin  to  multiubiquitin  chains  to  adjust  the  disas-
sembly of ubiquitylated proteins. Ubiquitin possess sev-
en lysines. It is theoretical possible that ubiquitin chains
originates from every lysine in vitro. In vivo ubiquitin chains
were only linked at lys 6, lys 11, lys 29, lys 48 and
lys 63. only lys 48 serves as a signal for disassembly
via the 26s proteasome [72-73]. lys 63 serves as a Dna
repair signal and the lysines: lys 6, lys 11, lys 29 pre-
sumable for the receptor internalisation [74]. In contrast
to the ubiquitin-system, ubiquitin-like proteins such as
the sentrines have their own isopeptidases. the isopep-
tidase Ulp1 [75] and sEnP1-sEnP 7 [76] divides exclu-
sively sentrine-conjugates and can not cleave ubiquitin-
conjugates. It is improbable that ubiquitin-isopeptidases
also cleave ubiquitin-like proteins. the binding of the
sentrine-conjugates occurs similar to the ubiquitin-con-
jugates.  via  a  particular  enzyme  system,  the  sentrines
were coupled in an atP-depending manner to their tar-
get protein.
cross-reactivity  with  ubiquitin-like  proteins  can  be
excluded, because of the high specifity of the primary
antibody used in this work. However, ubiquitin-like pro-
teins have their own, very specific isopeptidases [76-81].
although an affinity purified ubiquitin antibody was
employed, we surprisingly detected a great number of
internal ubiquitin-conjugates. one possible explanation
for these findings is the occurrence of cross-reactions
with other proteins containing a great amino acid se-
quence homology. Haas [82] et al. described 1991 a typ
1 inducible “ubiquitin cross-reactive protein” (UcRP or
Isg15). UcRP has a great sequence homology to ubiq-
uitin and has a molecular weight of 15kDa (see table 3).
both ubiquitin and UcRP are recognized at equimo-
lar amount of an affinity purified polyclonal ubiquitin-
antibody  [83].  In  contrast,  affinity  purified  polyclonal
UcRP-antibody reacts considerably worse with ubiqui-
tin than UcRP [82]. In a numerous of different organ
tissues  [84],  for  example  lymphoid  cells,  smooth  and
stripped  muscle,  in  epithelial  cells  and  neurons,  the
UcRP was detected and has similar function like ubiqui-
tin. a further “ubiquitin like-protein” was described in
1997. It is a protein regarding to the group of sentrines
(sentrin-1,  sentrin-2  und  sentrin-3).  they  were  also
called sUMo-1, PIc-1, gMP-1, Ubl1 und sMt3c [85-
92]  and  are  detectable  in  all  investigated  tissues  [93].
sentrines have a molecular weight of 6, 14 and 90 kDa.
sentrine-1 has 101 amino acids and possesses a ubiqui-
tin-like domain (amino acid 22-97) which is 18 % identi-
cal and 48 % homologous (table 3) to human ubiquitin.
sentrine-2 has 95 amino acids which are 46 % identical
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Table 3. amino acid alignment of ubiquitin and ubiquitin-like proteins.
the table shows the amino acid alignment of ubiquitin and ubiquitin-like proteins. the boxes with the number 1 – 7 have identical
amino acid sequences. the ribbed boxes have similar amino acid sequences (=conservative replacement).
all sentrine family members have distinct n-terminal amino acid sequences and c-terminal extensions. the gly-gly residues re-
quired for sentrine conjugation are conserved in all sentrine family members. the sequences of all the sentrins are identical in human,
mouse and rat, in keeping with the high degree of conservation of ubiquitin in mammalian cells.
3) Sixt#_Umbruchvorlage  15.10.10  18:57  Seite 443and 66 % homologous (table 3) to sentrin-1. sentrine-3
has 103 amino acids which are 97 % (table 3) identical
to  sentrin-2.  further  ubiquitin-like  proteins  were  de-
scribed in 1997 (nEDD8) [94] and 1998 (apg12) [95].
nEDD8 and Rub1 have a molecular weight of 6 kDa.
only  for  the  UcRP  experimental  data  exist,  that
ubiquitin-antibody reacts equimolar, what is to be traced
back  to  the  high  sequence  homology  (up  to  66  %).
therefore, it can not be excluded that UcRP-conjugates
represent a part of the found protein peaks. the fact
however, that in the analyzed organ tissues no protein
peak with a molecular weight of 15 kDa was detectable,
and UcRP ubiquitously in the organs occur, opens im-
probably the cross-reaction with our ubiquitin-antibody
and  therefore  also  cross-reaction  with  UcRP-conju-
gates. In the work of Hinchey [96], no cross-reaction
with ubiquitin was described for the sentrine sUMo-1-
2 and the sUMo-3. the sentrine family members have
a sequence homology of 16 % to ubiquitin. this makes
a  cross-reaction  very  improbable  with  ubiquitin-anti-
body  and  was  also  confirmed  experimentally  from
Hinchey [96]. these are convincing arguments against
the cross-reaction of sentrines and their conjugates with
ubiquitin-antibody. In literature cross-reactions of ubiq-
uitin-like proteins with ubiquitin-antibody are described
as improbable.
the muscles were presumably degraded by the 26s
proteasome in the situation of denavation [97], fasting
[98], azidosis [99], tumor illness [100] and burning [101].
furthermore,  first  results  for  disassembly  of  muscle
proteins via the 26s proteasome may be arranged: actin
(42 kDa), myosin (510 kDa), troponine (78 kDa) and
tropomyosine  (64  kDa)  [102].  the  ubiquitylated  pro-
teins found in this work are in accordance with the liter-
ature.  However,  in  this  study  additional  ubiquitylated
proteins were detected which have not been described
in the literature mentioned above. a possible interpreta-
tion is the different extraction conditions of muscles in
the experimental settings. In the study of g. tiao [103]
septic  rats  were  investigated.  lecker  et  al.  [102]  em-
ployed streptozotocin induced rats which developed di-
abetes mellitus. all organs employed in this work were
gained from sacrificed rabbits under nembutalﾮ-seda-
tion without induction of any stress factors and without
further preparatory treatment. Ubiquitin is a heat shock
protein and therefore induced in stress situations. the
extraction conditions are crucial for the ubiquitylation
pattern in organ tissues. the different "ubiquitylated or-
gan patterns" could consequently be explained through
the different experimental setups and different animal
models. Presumably there are differences in the ubiqui-
tylated organ patterns between two species. 
the trypsin-incubation of organ tissues is a proce-
dure to prove the existence of “internal” ubiquitin-con-
jugates. Here, trypsin (see material and methods) cleaves
the last two amino acids of the ubiquitin and/or of the
ubiquitin-conjugates and ubiquitin-t (des gly-gly ubiq-
uitin) results. the protein peaks not detectable after in-
cubation  with  trypsin  are  ubiquitin-conjugates.  after
trypsin-incubation  decomposition  products  can  often
be observed. these decomposition products are splitted
ubiquitin-t  from  the  ubiquitin  chains  or  the  targeted
protein. In all employed organ tissues a signal reduction
of  ubiquitylated  proteins  could  be  observed.  various
decomposition  partners  (11  and  13  kDa)  were  de-
tectable. both proteins were cleaved by the ubiquityl-
protein-isopeptidase and were detected by a calmodulin-
antibody  (data  not  shown).  this  indicates  that  these
proteins could presumably be composition products of
ubiquitin-calmodulin conjugates. trypsin itself generat-
ed new protein peaks initially not detectable with the
ubiquitin-antibody. the protein peak with a molecular
weight of 6 kDa could be the sentrin nEDD8 and/or
RUb1 [94]. both proteins have a molecular weight of 6
kDa. as described before a cross reaction by sentrine
with an ubiquitin-antibody is improbable. Presumably it
is a degradation product of ubiquitin.
this  work  is  the  first  attempt  to  detect  ubiquityl-
calmodulin  conjugate  in  vivo via  ubiquitylprotein
isopeptidase incubation. further experiments had to be
done to go more in detail for this question.
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